Fiducial marker detection algorithms in kilovoltage x-ray images using physical characteristics of transmission x-ray have been proposed. It, however, has been suggested recently that factors besides transmission x-ray affect x-ray images. The purpose of this study was to develop a new fiducial detection algorithm using fiducial intensity estimation based on physical characteristics of x-ray images with gold fiducials. First, x-ray images of a fiducial on a water-equivalent phantom were acquired. It was observed that the ratio of background to fiducial intensity in the images decreased as phantom thickness increased. Based on the negative correlation, we identified a function for estimating fiducial intensity that consists of background intensity and the amount of scattered radiation by the other x-ray source of an orthogonal imaging system and a treatment beam. Then, we developed an algorithm that extracts fiducial candidates using the estimation function. Its performance was measured using x-ray images which had 3824 fiducials altogether. The average number of false-positive detection of the proposed algorithm in single image was one-tenth of an algorithm considering only transmission x-ray. The proposed algorithm detected 99.5% of all fiducials under an error of 1.0 mm, while the other algorithm detected 94.7% or less (Clinical trial number: UMIN000005324).
Introduction
It has been emphasized recently that management of intrafraction motion is an important feature of image-guided radiotherapy [1] [2] . One method used to compensate for respiratory motion is fluoroscopy-based tracking [1] . In some such tracking methods, surrogate fiducials placed close to a tumor are used to identify the position of the tumor easily [3] [4] .
A method of detecting spherical gold fiducials has been developed using normalized cross-correlation (NCC) indices between a predefined template mask and a test image [3] . However, it is reported that NCC values of the objects that should be detected will decrease and the number of false-positive will be larger for low contrast images [5] . Another correlation index was proposed for robustness to image noise [6] . Image processing filters for enhancing fiducial visibility have been also used in some researches [7] [8] [9] . The methods using correlation indices or image processing filters, however, did not explicitly utilize potentially information-rich physical characteristics of x-ray that induces image intensity.
A method based on physical characteristics of kilovoltage (kV) x-ray has been proposed for detecting metal seeds in a prostate [10] . That method assumes that the intensity of x-rays passing through the patient's body (I) is approximately , m x y describes the absorption of x-rays in the patient body. Equation (1) means the ratio between the image intensity of a seed and that of its background is constant. It has, however, been pointed out that the ratio varies depending on the x-ray path length [11] .
The purpose of the present study was to identify physical characteristics of kV x-ray images with spherical gold fiducials and to develop a fiducial detection algorithm using fiducial intensity estimation based on the characteristics.
Materials and Methods

Estimation of Fiducial Intensity
To estimate fiducial intensity in kV x-ray images, regression analysis between the intensity of a fiducial and that of its surrounding background using water-equivalent phantoms was performed as a preliminary experiment. In all experiments, we used Vero4DRT (Hitachi, Ltd., Japan) [12] [13] [14] , which was equipped with an orthogonal kV x-ray imaging system that consists of two sets of a kV x-ray tube and a flat panel detector (FPD) (Figure 1 ). The FPD acquired kV x-ray images without halting MV x-ray irradiation. Intensity of exported kV x-ray images was not normalized.
Experimental Conditions
First, a fiducial of 1.5 mm in diameter was placed at the isocenter and x-ray path Figure 1 . Structure of the Vero4DRT. The ring of the Vero4DRT rotates around the vertical axis (Z axis). The gantry is mounted inside the ring frame and rotates around the Y axis. An orthogonal kV x-ray imaging system (two sets of a kV x-ray tube and a flat panel detector) and a gimbaled x-ray head (an MV x-ray source) are mounted on the gantry, and they rotate with the gantry rotation. length along the line passing through the isocenter was varied by using water-equivalent phantoms (0, 50, 100, and 200 mm in thickness). Then, kV x-ray images with a resolution of 0.21 mm/pixel at the isocenter and a bit depth of 14 bits were acquired using a single detector set composed of a kV x-ray tube and an FPD (Figure 2) under the x-ray tube conditions (voltage [kV] and current time product [mAs]) of (80, 0.5), (100, 0.5), (120, 0.5), and (120, 2.0), respectively. The mean value in 3 × 3 pixels centered at the centroid of a fiducial was served as the intensity of the fiducial while the mean value in pixels that were 7 pixels away from the centroid of the fiducial was served as the intensity of the background.
Regression Analysis among the Intensity of a Fiducial, the
Intensity of the Background, and X-Ray Path Length As the results of the preliminary experiment, the following equations (from (2) Figure 2 . Photograph of acquisition of kV x-ray images using a phantom with a fiducial. The top right image shows a kV x-ray source. The bottom right image shows a sample of kV x-ray image.
to (4)) were derived.
It was observed that logarithm of the intensity ratio decreased in proportion to the thickness of the phantom (R 2 > 0.99);
where fiducial I is the intensity of a fiducial, back I the intensity of the background, and p the thickness of the phantom, "x-ray path length". Here, a was 6.68 and b −5.14 × 10 
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). 1 S and 2 S are scattered x-ray intensities for a thin phantom and a thick phantom, respectively. Here, intensities in the figure are normalized with respect to
T . As phantom thickness increases, scattered x-ray intensity relatively increases and, therefore, background intensity decreases relative to fiducial intensity (
and (4), coefficient c and d in (3) are expressed as
where 0 c and 0 d are coefficients for 0 V , respectively.
Subsequently, intensity of a fiducial with scattered radiation of MV x-ray and/or kV x-ray from the other set of a kV x-ray tube and an FPD was specified as fiducial fiducial
where S denotes the amount of scattered radiation. Intensity of background with scattered radiation is expressed as back back
Then, the intensity of fiducial with scattered radiation is obtained as follows
Fiducial Detection Algorithm
We developed a detection algorithm based on intensity of fiducial estimated by (9) . The algorithm has intensity-based detection and estimation of scattered radiation process, which are described in detail below. The detail flow-chart of the algorithm and processings except two above are shown in Appendices B-E.
Intensity-Based Detection
At the first fiducial detection step, intensity-based detection is performed using a discrimination threshold for intensity. The threshold is selected fundamentally based on the estimated intensity of a fiducial [ (9)]. Therefore, the discrimination threshold T is given by
where fiducial I ′ is the estimated intensity of a fiducial shown in (9) . If the intensity of a pixel of interest is T or below, the pixel is judged to be a fiducial candidate. Here, S was initially set to a given (tentative) value to allow calculation of fiducial I ′ using (9).
However, in order to reduce the extent of false-positive detection attributable to noise, on condition that fiducial I ′ is close to the intensity of the background pixel that is the surrounding of a pixel of interest back I ′ , that is, back fiducial
T is given by
where d T is the threshold of the intensity difference between a pixel of interest and the background thereof. Furthermore, in order to prevent both false-positive and false-negative detection, the characteristic of intensity of non-fiducials, that is, all objects that are not fiducials, was considered. The lower limit of intensity of non-fiducials at each background intensity was determined by reference to the kV x-ray images of five patients with implanted fiducials. Edges of bones (for example) were included in non-fiducials exhibiting the lower limits. The images were acquired using a tube voltage of 100 kV and a tube current time product of 0.5 mAs. Figure 4 shows the lower limit of intensity; for non-fiducials, this limit was higher 
where back L I′ ⋅ is the lower limit of the intensity of non-fiducials ( Figure 4 ).
Eventually, the discrimination threshold T is given as shown in Figure 5. 
Determination of the Amount of Scattered Radiation
Estimation of the amount of scattered radiation, S, is performed with reference to the number of detected fiducial candidates. If this number is greater than or equal to the number of fiducials previously registered, the algorithm moves to the next step. If not, the algorithm iteratively performs the intensity-based and round-index-based (Appendix C) detection, with increasing S in increments of 100. This incremental value is selected so as to balance reasonable computational time with adequate false-positive detection. An increase in S causes the threshold T to rise and the algorithm to identify more fiducial candidates.
Implementation
The algorithm was implemented using C++ Builder XE (Embarcadero Technologies, Inc., San Francisco, CA) and Matrox Imaging Library (Matrox Electronic Systems Ltd., Quebec, Canada) and was run on a computer with a 3.4-GHz core-i7 processor and 4 GB of random-access memory. 
Verification of the Proposed Algorithm Using Patient Data
Validity of the Discrimination Threshold for Intensity
The estimated fiducial intensity fiducial I ′ was compared with the actual fiducial intensity for the fiducials shown in Figure 4 . Data in Figure 4 include 259 values, which consists of 11 sets of kV x-ray images. Each set of the images was acquired continuously at a certain gantry angle. For each set, one value of S was selected to minimize squared error between estimated fiducial intensity and actual fiducial intensity.
False-Positive Detection
The number of false-positive detections in the kV x-ray images was computed.
The kV x-ray images of four patients who underwent tracking irradiation therapy in Kyoto University Hospital were employed for the evaluation in Sections 2.4.2, 2.4.3 and 2.4.4. The patients each had three to five implanted fiducials. The numbers of the fiducials located in S6, S7, S8, S9 and S10 in the right lung were 4, 1, 5, 4 and 3, respectively. The images were acquired once per second in seven treatment ports during delivery of a single fraction; in total, 3824 fiducials in 900 image pairs (1800 images) was available for analysis. The orthogonal kV x-ray imaging system was rotated in combination with the MV x-ray source; this meant that the kV x-ray images were acquired at various angles (Table 1) . Several kV x-ray images were acquired in each treatment port prior to application of the MV beam. MV field size ranged from 20.8 to 39.8 cm 2 .
Validity of Estimation of the Amount of Scattered Radiation
The differences between actual increase and estimated increase in intensity, which were caused by a scattered MV beam, were computed. The actual increase was calculated as the difference between the average intensity of the kV x-ray image prior to MV irradiation and that of the image during irradiation; the estimated increase was calculated as the difference between the S estimated in Section 2.2.2 for the image before irradiation, and that for the image during irradiation. Ten image pairs, which were composed of two images acquired before or Table 1 . Numbers of kV x-ray images taken at various gantry and ring angles. during irradiation, were used to calculate the errors.
Overall Performance of the Proposed Detection Algorithm
Our algorithm was compared to constant-ratio threshold algorithms in terms of detection rate and positional error. A "constant-ratio threshold" algorithm is an algorithm in which the discrimination threshold of the ratio between the image intensity of a fiducial and that of the background thereof is constant, as assumed in a previous study [10] . Two different constant ratios were applied for two constant-ratio threshold algorithms, respectively. A constant ratio threshold of 1.10 was used in one algorithm (hereafter referred to as large constant-ratio threshold algorithm). A constant ratio threshold of 1.07 was used in the other algorithm (hereafter referred to as small constant-ratio threshold algorithm). Visually observed fiducial positions were served as the gold standards. Constant-ratio algorithms were implemented by making the threshold of the ratio be constant, that is, making fiducial I ′ in (9) be proportional to the background intensity.
Result
Validity of the Discrimination Threshold for Intensity
The estimated intensity showed a strong correlation with the actual intensity ( Figure 6 , R 2 >0.95). The observed strong correlation shows that the estimated intensities were valid. Table 2 shows the averages and 95th percentiles of the numbers of false-positive Figure 6 . The relationship between the actual intensity of a actual I and the estimated intensity fiducial I ′ , which is the discrimination threshold. The straight line is the regression fiducial actual 1.00 detections evident after applying the detection processes based on intensity and round index values for the proposed algorithm and for the contrast-ratio threshold algorithms.
False-Positive Detection in Each Image
I I ′ = × .
Validity of Estimation of the Amount of Scattered Radiation
We found that the average number of absolute errors for the estimated amounts of scattered radiation was 65.1, thus lower than the increment step (100) used to progress S. The lower error than resolution means that the proposed algorithm has capability of estimating the amount of scattered radiation. Table 3 
Overall Performance of the Proposed Detection Algorithm
Discussion
The detection rate afforded by the proposed algorithm was higher than that of the constant-ratio algorithms that applied an assumption in a previous study [10] . Furthermore, the positional errors of the proposed algorithm were smaller than those of the small constant-ratio threshold algorithm. Figure 7 shows images in which use of the small constant-ratio threshold algorithm caused large Table 3 . Detection rates and 99th percentiles of positional errors for all detected fiducials. The values in parentheses show the range of the detection rates or the 99th percentiles of positional error for 28 ports (7 ports for each patient). (Table 2) reduced positional error. It may be observed, in Figure 7 , that as a region became brighter (associated with a reduced x-ray path length), more false-positive fiducial candidates emerged. This suggests that the intensity ratio threshold should be higher in bright regions, as indicated also by consideration of Figure 3 and (2), on which the proposed algorithm is based.
In some x-ray images, the proposed algorithm failed to detect fiducials. One possible method that may be used to eliminate such false-negative findings is to use the loci of fiducials evident in images acquired before the images of interest were taken.
A previous study on the detection of spherical gold fiducials showed that the means (± standard deviations) of positional errors were −0.2 (±0.2), 0.0 (±0.2), and 0.0 (±0.3) mm in the LR, CC, and AP directions, respectively, when 2-mm-diameter fiducials were used in the absence of a scattered MV beam [3] .
The results in Section 3.4 show that, even when a scattered MV beam was present, our algorithm afforded equivalent or higher-level accuracy.
The Vero4DRT acquires kV x-ray images every second during tumor tracking irradiation. As the algorithm completed fiducial detection within a maximum time of 140 ms, the algorithm will be able to detect fiducial positions in real time in kV x-ray images acquired during irradiation. This capability affords further functions. For example, irradiation may be terminated if the difference between a fiducial position predicted and that calculated using a monitoring kV x-ray image is greater than a predetermined threshold.
Furthermore, intensity-based detection using the relationship between fiducials and its background in the proposed algorithm has possibility of being adapted to fiducials with other shapes such as cylindrical or coil-shape fiducials if the relationship is investigated by a method shown in Section 2.1 and if imaging angles are considered for a fiducial that is not point-symmetric.
Conclusion
We identified a relationship between the intensity of a fiducial and that of the background thereof. This relationship depends on tube voltage, tube current time product, x-ray path length, and the extent of the scattered MV and/or kV x-ray beam. We have shown that our proposed fiducial detection algorithm (based on the above-mentioned relationship) affords high accuracy with low false-positive detection. Figure A1 . Flowchart of our proposed fiducial detection algorithm. The algorithm has both high-and low-contrast fiducial detection processing. Both forms of fiducial detection have processing (Detection A and Detection B) for image 1 and 2. Processing for image 1 is performed on images acquired with FPD 1. Processing for image 2 is similar for FPD 2.
conditions of (a) and (b) below. (a) The three-dimensional relative positions of fiducial candidates are close to those of fiducials that were manually identified Figure A2 . An example of regions to which low-contrast fiducial detection is applied.
